Abstract-A novel generalized design procedure of broadband planar baluns based on wire-bonded multiconductor transmission lines (MTL) is presented hereby based on analytical equations. The proposed balun consists of two parts. The first one is an in-phase power divider, which equally splits the input power through its two outputs. The later are two MTLs with wire bonding between alternate conductors configured to introduce +90 and −90 degrees phase shift respectively, so that the balanced output signal has a 180 degree phase difference. In that sense, new closed-form design equations in order to calculate the design parameters of both multiconductor elements are obtained. These equations allow the proper dimensions of both MTLs to be computed irrespective of both the number of conductors and the coupling factor, and therefore, to determine the performance of the balun. The design procedure for wire-bonded MTL baluns has been assessed by means of full-wave electromagnetic simulations and by experimental work. In addition, the very good agreement between the theoretical results and measurements makes possible to define a time-saving design methodology.
INTRODUCTION
Baluns are important 3-port devices necessary for feeding differential devices such as two-wire antennas, balanced mixers, push-pull amplifiers, balanced modulators, and many other applications. The primary function of a balun is to convert an unbalanced input signal into a balanced differential output one. Different baluns configurations have been reported by using sections of single or coupled transmission lines. Planar baluns based on coupled lines can be divided into two groups, quarter-wave coupled line baluns and Marchand coupled-line baluns [1] . Examples of the first group can be found in [2] [3] [4] while for the second group there is an extensive quantity of publications [5] [6] [7] [8] [9] .
In this work, a planar balun configuration consisting of two sections is considered (Fig. 1) . The first section is a power divider which provides two well-balanced equal amplitude in-phase signals over a broad frequency range. The second section provides −90 degrees and +90 degrees phase shift over these two signals, so the balanced output signals have a 180 degree phase difference [10] [11] [12] [13] [14] . A Wilkinson inphase power divider has been usually employed for the power splitter due to its broadband operation and good input/output match and isolation. The last condition improves the main Marchand balun drawback, its poor balanced output ports matching and isolation [15] . For the phase shifter section, short-circuited and open-circuited coupled lines have been employed in [10, 11] but, there is lack of both a design procedure and analysis for wire-bonded multiconductor transmission lines (MTL). The presented balun circumvents the limited output isolation and narrow operating bandwidth of most of the recently published baluns. Consequently, the use of wire-bonded MTLs is advisable in designing wideband baluns because both short-and open-circuited MTLs are dual components, and if they are properly designed a perfect theoretical output amplitude and phase balance can be achieved at all frequencies. By using this type of balun, a reconfigurable test-set that allows the measurement of both, differential and common modes S-parameters using a commercial two-port vector network analyzer was presented in [16] , where the isolation between output ports is critical.
Therefore, in this paper a design guideline is given when multiconductor transmission lines with bonding wires between alternate conductors are used as a 180 • phase shifter (Fig. 1) . This MTL is a specific case of multiconductor transmission lines [1, 17, 18] in which bonding wires interconnect the ends of alternate conductors. This particular configuration (wire-bonded MTL) improves the operating bandwidth by eliminating undesired resonances and allows circuit designers to use simplified analytical models [19] . Assuming ideal short circuits across alternate conductors (bonding wires very short compared to wavelength), the connections can be neglected and the equivalent model of a wire-bonded MTL can be simplified as a pair of coupled lines [1, 20] . Results presented herein are particularly helpful in designing baluns using closed-form design equations irrespective of the number of conductors and the coupling factor and new equations are advisable for designing devices based on coupled lines where it is necessary to control both the magnitude and the phase of the frequency response. Accordingly, it is important to remark that this theory can be also employed to design coupled-line ring hybrids [21] , artificial composite right/left handed transmission lines [22, 23] , ratrace couplers [24] , filters [25, 26] , impedance transformers [27] , power dividers [28] , and so on. Further, in keeping with the trend toward miniaturization, the comprehensive analysis of the wire-bonded MTL is essential, even more with the recent upsurge in systems based on coupled lines [24] [25] [26] [27] [28] .
ANALYSIS AND DESIGN OF THE WIRE-BONDED MTL BALUN

Balun Architecture
The circuit schematic of the proposed planar balun, consisting of a power divider connected to two wire-bonded multiconductor transmission lines, is sketched in Fig. 1 . The power divider splits the input signal into two equal amplitude in-phase signals. Then, the two output signals pass through a pair of short-circuited and opencircuited MTLs configured to introduce +90 and −90 degrees phase shift respectively, over each signal. Therefore, output signals have equal amplitude and 180 degrees phase difference. According to the power divider, the Wilkinson divider seems to be a good choice because it provides equal power split, high output ports isolation and good match at all three ports. Besides, the Wilkinson can be designed with multiple stages in order to enlarge its bandwidth and fulfill the frequency band requirements.
Theoretical Study of Open-and Short-circuited Wire-bonded MTLs
A wire-bonded multiconductor transmission line is a four-port device and its input admittance matrix can be found in [29] . By placing open or short-circuits at its diagonal ports, the two-port circuits drawn in the insets of Fig. 1 are obtained. When losses are neglected and coupling between non adjacent strips is negligible, both devices are characterized by the following admittance matrices
where the subscripts o and s stand for the open-circuit or short-circuit boundary conditions respectively. θ is the electrical length of the conductors, and M and N are defined by
where Y oo and Y oe are the odd and even modes admittances respectively, of a pair of adjacent lines and k relates to the number of strips. When no losses are considered Y oo and Y oe are real numbers and M > 0, N < 0 and M 2 > N 2 [29] . It is important to remark that in previous equations it has been considered that both wire-bonded MTLs are equal and only the boundary conditions, short-circuit or opencircuit, are changed. Besides, pure TEM and lossless propagation are assumed, θ being the average value of the even-and odd-mode electrical lengths. This approximation allows us to obtain a simplified analytical model of the wire-bonded MTL in an inhomogeneous dielectric. The validity and accuracy of this approximation has been investigated and validated in [1, 20, 30, 31] , where it was demonstrated an excellent agreement between experimental results and the values obtained by using the average value of the even-and odd-mode electrical lengths. The propagation constant of the two-port structures obtained can be calculated from (1) and (2) as [32] 
being the length of the MTL. When both wire-bonded MTLs are assumed lossless (4) is simply given by
where clearly it is observed that β s = β o + π. Thus, the output signals of the open-and short-circuited MTLs are always 180 degree out-ofphase at all frequencies. Nevertheless, such equations are deduced considering that input and output ports are perfectly matched. The image impedances of both circuits can be calculated from (1) and (2) as
As seen, both image impedances are different and depend on the electrical length of the MTL. Consequently, it is necessary to find out some design rule in order to obtain 180 degrees differential phase and equal amplitude outputs. By means of simple transformations [32] and after some algebraic manipulations, the reflection S 11 and transmission S 21 coefficients of each wire-bonded MTL (see the insets in Fig. 1 ) are given by
where Z 0 is the reference impedance, and the subindex i can be o or s depending on whether the S-parameters of the open-circuited MTL or short-circuited MTL are evaluated. The variables ∆ i , K i and G i are defined as
These expressions are useful because valuable information as frequency response, operating bandwidth, phase balance, etc. can be easily calculated. If the condition
is imposed on (7b), the next equality is obtained
which determines a specific relation between the even and odd mode impedances, being u = Z oe /Z oo . Therefore, whenever Equation (10) is fulfilled, the output signals have equal amplitude and a phase difference of 180 degrees. Nevertheless, although output signals have equal amplitude, it does not imply to have a good impedance matching. Consequently, another condition related to port matching is necessary.
Substituting (10) in (7a), it is found that
where θ d stands for the electrical length at which the MTL is matchterminated (S 11 = 0). Accordingly, there are two design equations: by using (10) a good amplitude and phase balance is guaranteed, and by means of (11) it is straightforward to control the point of perfect match of both short-and open-circuited MTLs. This implies that the image impedance of both structures is equal to the reference impedance Z 0 at θ d . Equation (11) can be expressed as Figure 2 . u = Z oe /Z oo as a function of θ d for several number of conductors k according to (12) .
in Fig. 2 as a function of both, θ d and the number of conductors of the MTL. As seen, only for θ d = 90 • the value of u is unique, and for another higher Z oe /Z oo ratio, the MTL will have two ideal input match frequencies within the operating frequency band. In addition, the greater the number of conductors the lower Z oe /Z oo ratio for each θ d , that is directly related to more feasible physical dimensions (width and spacing between strips). Furthermore, it is also noticeable how the reduction by passing from k = 2 to k = 4 or k = 6 is significative, but using a higher number of conductors can be counter-productive because the reduction in u is small compared to the manufacturing complexity that it involves. Consequently, once the u = Z oe /Z oo ratio has been chosen taking into account (12), Equation (10) can be split as
in order to compute the proper values of the even-and odd-mode impedances that guarantee an ideal output amplitude and phase balance at all frequencies, and a perfect input match at one (
If the aforementioned design procedure is followed, some expressions can be simplified. Firstly, M and N can be rewritten as
where Y 0 = 1/Z 0 . From (14) , the most remarkable property is that neither M nor N no longer depend on the number of conductors and are determined by only a function of θ d . Therefore, regardless of the number of conductors, if the even and odd mode impedances Z oe and Z oo are selected according to (12) and (13), all previous equations are drastically simplified. Hence, expressions for the image impedances (6) are reduced to Figure 3 represents the real part of both normalized impedances as a function of θ for several values of θ d . As seen, only for θ = θ d curves are equal to unity and thus, the impedance matching is perfect. Besides, two singularities are observed, θ 1 and θ 2 , which are the poles of both functions in (15) and determine the frequency range where Figure 3 . Real part of normalized image impedances for two shortand open-circuited MTL designed by means of (12) and (13) From (14) , equations for S-parameters, (7a) and (7b), can be also simplified as
with
By analyzing (17a) and (17b), it is easy to observe that S 11 and S 21 parameters have equal magnitude but a phase difference of 180 degrees for the short-and open-circuited MTL. Moreover, a new simplification can be obtained to compute the magnitude of such parameters as
which, compared to (7a) and (7b), are valuable equations by their simplicity. These expressions will be used in next sections to evaluate the performance of both MTLs.
Bandwidth Considerations
In this point, the design procedure described in Section 2.2 is evaluated. Firstly, the u = Z oe /Z oo values to achieve perfect match at several θ d are computed by means of (12) . Then, using (13) the even and odd mode normalized impedances are obtained. Table 1 collects all these values for several number of strips, which can be directly translated to physical dimensions making previously a de-normalization operation by Z 0 . By using the values given in Table 1 , Fig. 4(a) and Fig. 4 (b) draw the S 11 (19a) and S 21 (19b) parameters. As expected, perfect match and thus, the minimum of S 11 , is located at θ d and, only for θ d = 90 • the S 21 presents a maximally flat response. For any other value of θ d a rippled response is obtained. In addition, to verify that both parameters are equal in magnitude but with 180 degrees out-of-phase Table 1 as a function of θ for several θ d . The magnitude of the ripple of S 21 can be calculated at θ = 90 • in (19b), or equivalently, from (19a) it is possible to determine the magnitude of S 11 at θ = 90 • and thus, to set a return loss limit. Considering S 21 lim = √ 0.9 (S 11 lim = −10 dB) as the conventional threshold limit value at the center frequency (θ = 90 • ), it is easy to obtain that θ d lim = 46.1 • is the limit value that could be used. This value can be computed as (12) and (13) as a function of θ d that guarantees S 21 > −0.9 dB, S 11 < −10 dB, and a phase difference of 180 • at their outputs. Fig. 6 depicts the operating bandwidth as a function of θ d , of a pair of short-and open-circuited wire-bonded MTLs that guarantees insertion loss lower than 0.9 dB, return loss higher than 10 dB and a perfect amplitude and phase balance at all frequencies. As seen in Fig. 6 , the minimum bandwidth is achieved at θ d = 90 • and it broadens as θ d separates from such value. Consequently, in order to broaden the operating bandwidth, both MTLs should be designed to have two ideal input match frequencies (θ d = 90 • ). However, as was shown in Fig. 2 , this involves using higher values of u = Z oe /Z oo , that directly implies to increase the coupling level. As a result, there is a trade-off between the operating frequency band of both MTLs and the required coupling level.
EXPERIMENTAL VALIDATION
In this section, in order to demonstrate the proposed design methodology, a balun is fabricated and measured. Firstly, the 180 • phase shifting section is analyzed, and after that, it is connected to a power divider to build the whole system. The divider is a threesection Wilkinson power divider designed to provide equal power split between the two outputs [33] . The use of a multi-stage Wilkinson power divider is necessary to guarantee a bandwidth larger than the one of the MTL structures, but thanks to this, it is possible to obtain an excellent output isolation. Consequently, depending on the application, this property may be more important than its size. Most of the balun configurations that can be found in the literature neglect this issue, but for some applications the output isolation is as important as the output amplitude and phase balance. Besides, for narrower bandwidths, the number of stages of the Wilkinson divider can be reduced. The prototype is implemented in microstrip technology on a Rogers 4350B substrate with relative permittivity of 3.66 and thickness of 30 mil at a design frequency f o = 3.5 GHz.
The design of the pair of wire-bonded MTLs consists in finding out the number of strips k, the line-width W and spacing S in order to satisfy (12) and (13), equations that depend on both θ d and Z 0 . Therefore, by using [34] and the considerations given in [35] , the achieved even and odd mode impedances for different W , S and k = 4, 6 are represented in Fig. 7 . The theoretical values obtained by means of (12) and (13) Table 2 . Characteristics of the MTLs employed in the designed and fabricated balun at the center frequency f o = 3.5 GHz. Fig. 7 , one prototype of the proposed balun using the MTLs summarized in Table 2 is fabricated and measured. A photograph of such a balun is shown in Fig. 9 , where the Wilkinson divider and the wire-bonded short-circuited and open-circuited MTLs are clearly visible. The measured return and insertion losses, isolation, and both amplitude and phase balance are depicted in Fig. 10 . Clearly it is observed that good input matching and isolation are achieved. Insertion losses and isolation are higher than 10 dB and 18 dB, respectively, in the range [1] [2] [3] [4] [5] [6] GHz (142%). Moreover, according to the amplitude and phase balance, values remain lower than 0.4 dB and 5 degrees (Table 2 ).
approximately, from 1.64 GHz up to 5.36 GHz, or equivalently over a fractional bandwidth of 106%. Therefore, by means of the general equations given in this work and considering values of θ d different to the traditionally used 90 degrees, it is possible to design baluns with broader bandwidths. As a way of integrating amplitude and phase offset into a single parameter, common-mode-rejection ratio (CMRR) is calculated. CMRR represents the splitter rejection of an undesired common-mode output signal resulting from a single-ended input signal. CMRR can be adapted as a measure of the imbalance in a 180 degrees splitter circuit, which can be determined from mixed-mode S-parameters or standard single-ended S-parameters as [36] 
where S ds21 and S cs21 identify the differential-mode and common-mode responses for a single-ended stimulus. CMRR values, along with the S ds21 and S cs21 parameters, are displayed in Fig. 11 for the fabricated balun. CMRR can be used as a direct figure of merit to describe the quality of the balun and so interpreting the impact of amplitude and phase imbalances on the system performance. As seen, the designed balun provides high CMRR, greater than 30 dB within the frequency band (Table 2) .
to the unequal even and odd mode phase velocities in the MTL, which difference increases with the frequency.
Finally, it should be highlighted that there has not been any optimization process during the electromagnetic simulations and all dimensions have been selected by following the design Equations (12) and (13) . Besides, although results are good, it could be improved if the fabrication tolerances are overtaken because considerable variations of up to 10% have been measured.
CONCLUSION
A new theoretical study and design methodology of two open-and short-circuited wire-bonded MTLs has been presented when used for balance applications. Closed-form equations have been derived to properly design a 180 • phase section and thus, a systematic procedure for the design of wire-bonded MTL baluns has been given. The analytical equations allow to calculate easily the dimensions of both MTLs to get a perfect output phase and amplitude balance at all frequencies, and perfect input matching at one or two frequencies as a function of the number of conductors. To assess the design guidelines, a microstrip planar balun has been designed, fabricated and measured. The balun presents measured amplitude and phase balance lower than 0.4 dB and 5 degrees over a 106% bandwidth, very close to the theoretical one of 110%. Furthermore, the presented balun has been proved to be an excelent alternative in order to obtain a perfect output isolation with values higher than 20 dB.
Finally, it is worth to highlight that, according to the good measured results, the use of the analytical equations given in this work are advisable to obtain time-saving design procedures of other devices as filters, ring hybrids, rat-race couplers, DC blocks, coupledline impedance transformer, and so on.
